The structure of the synthetic dodecamer d(CGC4AA-TTGGCG) has been shown by single crystal X-ray diffraction methods to be that of a B-DNA helix containing two A(antl).G(syn) base pairs. The refinement, based on data to a resolution of 2.25 A shows that the mismatch base pairs are held together by two hydrogen bonds. The syn-conformation of the guanlne base of the mismatch is stabilised by hydrogen bonding to a network of solvent molecules in both the major and minor grooves. A pH-dependent ultraviolet melting study indicates that the duplex is stabilised by protonation, suggesting that the bases of the A.G mispair are present in their most common tautomeric forms and that the N(1)-atom of adenine is protonated. The structure refinement shows that there is some disorder in the sugar-phosphate backbone.
INTRODUCTION
The removal of mispaired bases by proofreading and repair enzymes is essential to the maintenance of fidelity during replication (1) and the enzymic recognition of base pair mismatches in genomic DNA is likely to depend upon structural and thermodynamic factors (2) . In order to gain insight into the molecular basis of these recognition processes the structure and stability of isolated base pair mismatches in synthetic oligonucleotide duplexes have been investigated by a variety of methods, such as NMR spectroscopy (3), X-ray crystallography (4) and ultraviolet duplex melting techniques (5) (6) (7) (8) . Recent studies have revealed that the properties of certain mispairs are strongly sequence-dependent (9) . Hence, a comprehensive understanding of the properties of DNA duplexes containing mispaired bases can only be gained by thoroughly investigating mismatches in a variety of base stacking environments.
The guanine-adenine mismatch is of particular interest as proofreading enzymes remove this base pair relatively inefficiently (10) . Furthermore, it has been shown that the G.A base pair displays significant conformational variability (11, 12) , both as a function of pH and base-stacking environment. As part of a study on the nature of base pair mismatches in DNA duplexes we now report the X-ray structure and thermodynamic properties of the deoxydodecanucleotide d(CGC4AATTGGCG)2.
EXPERIMENTAL METHODS

Chemical synthesis
The self-complementary dodecanucleotide d(CGC4AATTGG-CG) was synthesised on an ABI 38OB DNA synthesiser by the phosphoramidite method (6x 1/xmole preps) and purified by ionexchange HPLC followed by reversed-phase HPLC and Sephadex gel filtration. This protocol yielded lOmgs of product which eluted as a single peak when injected on analytical reversed-phase HPLC. (Ion-exchange gradient; 0.04M to 0.67M potassium phosphate buffer pH 6.4, in 20% acetonitrile, 30 minutes. Reversed-phase gradient; 0.1 M ammonium acetate buffer, 3% to 14% acetonitrile, 30 minutes).
Ultraviolet melting studies
Melting curves were measured at 264nm on a Perkin-Elmer Lambda 15 ultraviolet spectrometer equipped with a Peltier block and controlled by an IBM PS2 microcomputer. A heating rate of 1.0 deg.C per minute was used throughout and all melting curves were measured in triplicate. The crude data was collected and processed using the PECSS2 software package. For the pHdependent ultraviolet melting data, the oligonucleotides were dissolved in a buffer consisting of aqueous sodium dihydrogen orthophosphate (0.1 M) and EDTA (1mA/) which had been adjusted to the appropriate pH by the addition of sodium hydroxide. Thermodynamic parameters were determined from the concentration-dependence of ultraviolet melting by standard methods (5) . For this purpose melting curves were recorded in aqueous sodium chloride (lAf), sodium dihydrogen orthophosphate buffer (lOmAf) and EDTA (lmAf) which had been adjusted to the desired pH by the addition of sodium hydroxide. Oligonucleotide concentrations were calculated from the ultraviolet absorbance (264nm) of digested samples dissolved in the UV melting buffer, using the published « 2 6O values of the nucleosides dA, dG, dC and T as standards. Enzymic digestion was carried out using snake venom phosphodiesterase 1 and alkaline phosphatase (Sigma Chemical Co. Ltd.)
All but one of the DNA sequences discussed in this paper were shown by the concentration-dependence of UV melting to form duplexes, not single-stranded structures. However, the T m of the dodecanucleotide d(CGCGAATT/4GCG) was found to be independent of DNA concentration, suggesting a single stranded hairpin loop . Consequently it was not possible to obtain duplex melting data on this particular sequence, even though it has been previously crystallised as B-DNA (13) . We are currently investigating this structure by high-field NMR techniques.
X-ray crystallography
Crystals were grown at 4°C from a solution containing the oligonucleotide (0.5mAf), sodium cacodylate buffer (lOmAf, pH 6.6), magnesium chloride (20mAf), spermine tetrahydrochloride (l.OmM) and 2-methyl-2,4-pentanediol (18% vol/vol). The crystals were orthorhombic, space group P2 ] 2 1 2 1 , with unit cell dimensions of a=25.23A, b=41.16A andc=65.01A. A single crystal of dimensions 2.0mmx0.4mmx0.3mm was selected and mounted in a sealed Lindemann capillary with a small quantity of mother liquor. A CuK-a radiation source was used and Xray data were collected at 4°C on a Stoe-Siemens AED2 four circle diffractometer equipped with a long arm and a helium path. Intensities were corrected for Lorentz and polarisation effects, absorbtion and time dependent decay. The data collection yielded 2840 unique reflections with F ^ o(F) to a resolution of 2.25A. The unit cell parameters indicated that the structure was quasiisomorphous with the native B-DNA dodecanucleotide d(CGC-GAATTCGCG) (14) and the co-ordinates for this structure, idealised for the slightly different unit cell, were used as a starting model for the refinement.
Two approaches to the refinement were used. In the first method the model was refined using only restrained least-squares methods (15, 16) , initially against data in the range 10A to 7A. Upon convergence the resolution was increased in five steps to 2.5A. Throughout the calculations the atoms of the nucleotides G4, C9, G16 and C21 were given a very low occupancy and were thus effectively omitted from the structure factor calculations. At 2.5A, the 2F 0 -F c and F o -F c maps were examined on an Evans and Sutherland PS300 graphics system using FRODO (17) and the necessary changes were made at the sites of the G.A mispairs. It was immediately apparent that G(syn).A(anti) gave a much better fit to the density than either
G(anti).A(syn) or G(anti).A(anti).
The atoms of A4.G21 and G9.A16 were given full occupancy in this conformation and the refinement was continued using data to 2.25A, with the inclusion of isotropic thermal parameters and the progressive addition of water molecules. Solvent molecules were included on the criteria of good spherical density in the difference maps and acceptable hydrogen bonding distances and geometry. The refinement converged after the identification of 94 solvent molecules with R = 0.158 for 2262 reflections with F £ 2.0 a (F) in the range 8A to 2.25A.
In the second method the starting model was refined as a rigid body using a modified version of SHELX (18) . Initially data in the region 10.0A to 6.0A were used and the resolution was then increased in steps of 1.0A up to 3.0A. This part of the refinement converged at R=0.34 for 1275 reflections. The nucleotides G4, C9, G16 and C21 were then removed from the structure factor calculations and the refinement was continued, extending the resolution first to 2.5A then to 2.25A using Konnert-Hendrickson techniques (15) with the program NUCLSQ (16) with tighter geometric constraints than in the first refinement. This part of the refinement converged at #=0.35 for 2301 reflections in the range 10.0A to 2.25A with F;s2a(F). Electron density (2Fo-Fc) and difference (Fo-Fc) maps were examined on the graphics system and the refinement was continued in the manner described for the first method. A total of 62 solvent molecules were identified and the final cry stall ographic residual was R=0.167 for 2212 reflections with F^2a (F) in the region 7.0A to 2.25A. Table 1 . Torsion angles (degrees) and distances (A) between adjacent phosphorous atoms. Cl  G2  C3  A4  A5  A6  T7  T8  G9  G10  Cll  G12  C13  G14  C15  A16  A17  A18  T19  T20  G21  G22  C23  G24   X   - The main chain torsion angles are defined by :
Residue
Glycosyl torsion angles are given by: X=O4'-C1'-N1-C2 for pyrimidincs X=O4'-C1'-N9-C4 for purines
•Outside the normal range for B-DNA (see text).
RESULTS AND DISCUSSION
The sugar-phosphate backbone The first refinement, based purely on the Konnert-Hendrickson technique, gave rise to a number of unacceptable backbone torsion angles. Some values of a and 7 in particular differed significantly from those usually found in B-DNA. Examination of the FQ-F c fragment maps with backbone atoms removed indicated that all the atoms were in density and attempts to constrain all a and 7 angles to correct values resulted in an increase in the 7?-factor. The occurrence of non-standard torsion angles was surprising, as previous structures of DNA duplexes containing mismatches have shown that the mispairs are accomodated into the double helix with only small, highly localised changes relative to the native duplex. One exception is the structure of a deoxydecamer containing Gfanti). A(anti) base pairs (19) , but this is clearly a special case due to the abnormally large Cl'-Cl' separation in the mismatch base pairs. It is, however, interesting to note that the X-ray crystal structure of a B-DNA dodecamer containing N(6)-methyl adenine-thymine base pairs revealed some unusual a and 7 torsion angles (21) In order to correct the abnormal torsion angles, we refined Torsion angles defined by: P-a-O5'-/3-C5'-7-C4'-d-C3'-€-O3'-f-P and x=O4'-Cl'-Nl-C2 for pyrimidines and x=O4'-Cl'-N9-C4 for purines the structure a second time using a stricter protocol. This refinement generally produced a more characteristic B-DNA backbone conformation (table 1,2) . However, the values of a and 7 for the nucleotides T20 and G22 were still outside the acceptable range. The structure was then examined by high field NMR methods and the details of this analysis will be described in full at a later date (22) . The NMR study provided important information relating to the dynamic processes around the mismatch sites. In addition, it confirmed the presence of disorder in the backbone around the A.G base pairs. Hence, the abnormal torsion angles quoted in table 1 are probably not meaningful. The initial rigid body refinement and tighter geometric constraints applied in the second analysis were clearly helpful, but were not sufficient to produce acceptable values of a and 7 for T20 and G22. However, the overall structure produced from the second refinement is far more acceptable than that produced in the first. In the AH + (anti).G(syn) base pair, the 2-amino group of guanine protrudes into the major groove. This is in contrast to other forms of the G.A mismatch, namely G(anti). A(anti) (19) and G(anti). A(syn) (13) ( figure 3, figure 4 ) in which the amino group lies in the minor groove. In these base pairs steric hindrance inhibits hydrogen bonding between one of the hydrogen atoms of the 2-amino group of guanine and surrounding water molecules. Thus there is a net loss of hydrogen bonding when the fully hydrated single strands interact to form a duplex. In general the disposition of hydrogen bond donors and acceptors in the A(anti).G(syn) base pair is completely different from other forms of the G.A mispair. These differences may be significant during enzymic recognition, as repair frequency will be influenced by the conformation of the base pair.
Base stacking and helical parameters
The global twist of the helix, which is 36° for the A.G mismatch compared with 37° for the native duplex, is essentially unaffected by the disorder in the backbone. The average rise per residue is 3.3A in both structures and other parameters, such as the separation between adjacent phosphorous atoms along each strand (average=6.7A) are also very similar. 
G dodecamer d(CGC4AATTGGCG). In general the base overlaps for the steps involving the A(anti).G(syn) mispair are similar to those for the G(anti).A(syn) (13) and the l(anti).A(syn)
base pairs (24) in the same base stacking environment. In all these structures, the .yyn-purine at position 21 displays slightly enhanced overlap with thymine at position 20 compared to the native structure. Likewise, the presence of a purine-purine step (21-p-22) allows substantial overlap between the five membered rings of the 5yn-purine (G21or A21) and the anft'-purine (G22). Such an interaction is not possible in the native dodecamer and a smaller pyrimidine-purine overlap is observed. An increase in base-base overlap does not necessarily reflect greater stability, as the relative contributions and precise nature of the various forces involved in base stacking are not understood. Indeed, duplexes containing purine-purine mismatches are considerably less stable than the corresponding native duplexes (5 -8) . an unfavourable base stacking interaction. This is because the dipole moments of the two bases would be closely aligned, with a relative rotation of only ca. 33°. However, with the guanine base of the G.A mismatch in the yyn-conformation, the static dipole-dipole interactions are likely to be less unfavourable.
In the sequences d(CG/4GAATTCGCG) (26, 27 ) and d(CGCGAATT/lGCG) (13), the guanine bases of the G.A mismatches have been shown to be anti, ( figure 3, figure 4) . In most cases the mispaired guanine bases are involved in CpG intrastrand stacking interactions. The dipole moment of cytosine is almost identical to that of guanine (7.6D) and it lies in almost exactly the opposite direction. Hence, this should produce a favourable CpG(anti) base stacking interaction. In the dodecamer d(CG^GAATTCGCG) the mismatched guanine is flanked by two cytosines, so the situation should be even more favourable. We have shown that the T m of this sequence at pH 7.0 is 35°C, much higher than that of d(CGG4AATTGGCG), (Tm= 19°C). In the former case there is no indication of increased duplex stability with decreasing pH, indicating that the G(syn). AM + (anti) mispair probably does not occur. Hence it seems that the that the and -conformation is preferred for a mismatched guanine base stacked on a cytosine. The high T ra of this duplex at neutral pH demonstrates the greater stabilising effect of CpG(anti) and G(anti)pC steps relative to the G(anti)pG step for the G.A mismatch and illustrates the dramatic effect of base stacking environment on the stability of mismatch-containing DNA duplexes.
Static dipole moments of free bases are likely to be important as the two single strands interact to initiate duplex formation, when intra-strand stacking forces can be optimised. Once the duplex is formed, any change in the conformation of the G.A mismatch will necessitate rotation of a purine base around its glycosidic bond, an operation that will require considerable disruption of the surrounding Watson-Crick base pairs. Hence, reformation of the mismatch base pair will again be influenced by the dipole moments of the unpaired bases in the vicinity of the mispair. (29) . These bifurcated hydrogen bonds can form because of the high propeller twist of the core base pairs (average= 18.5°), (table 3) . This has the effect of tilting the N(6)-atom of an adenine base towards the O(4)-atom of the thymine base on the 3'-side (table 3) . Similar close contacts are observed between the N(4)-amino group of each cytosine of base pairs C3.G22 and G10.C15 and the 0(6)-atom of the guanine base of the A.G mismatch on its 3'-side. The putative bifurcated hydrogen bonds are rather long, averaging 3.17A, and assuming that the amino groups of the heterocyclic bases have trigonal geometry, the N-H O angles are generally much smaller than the ideal of 180°. The net result will be very weak hydrogen bonds which are unlikely to make a major contribution to duplex stability. Such interactions are probably best regarded as non-specific electrostatic forces in the major groove of the B-DNA duplex.
Bifurcated hydrogen bonds
The Solvent Environment
The B-values of the 62 solvent molecules located during the refinement range from 20A 2 to 8OA 2 . The phosphate groups are individually hydrated as expected for B-DNA, and 17 solvent molecules interact directly with the sugar-phosphate backbone. A total of 10 solvent molecules are bound to the functional groups of the bases in the major groove and only 7 are bound directly to the minor groove. The minor groove spine of hydration, which is characteristic of the native dodecamer, was not found in the present structure and there is no discernible pattern of hydration in either groove. The remaining 28 solvent molecules are involved in solvent-solvent interactions and represent fragments of the second shell of hydration. It would have been possible to include many more solvent molecules during the refinement by relaxing the criteria for good hydrogen bonding geometry and distance, but this would have resulted in an artificial lowering of the Rfactor.
The most interesting feature of the hydration of the A.G mismatch duplex occurs in the vicinity of the AH. + (anti).G(syn) base pairs. There is a well ordered water structure around the guanidine nucleotide which appears to stabilise the synconformation. The 2-amino group of guanine, which protrudes into the major groove, is linked to its 5'-phosphate group by a solvent bridge. In the minor groove, the guanine H(8)-atom forms a weak hydrogen bond to a water molecule which is also Hbonded to the 0(4)'-atom of the deoxyribose sugar of the 3'-cytidine nucleotide (figure 6). A similar water structure was found around the yyn-guanine in the crystal structure of Z-DNA (20) .
Duplex stability
The A.G mismatch duplex is much less stable than Watson-Crick duplexes in IM NaCl at pH7.0 (table 4a) , with a AG* value of -10.3 kcal/mole compared with -19.9 kcal/mole for the G.C dodecamer and -18.1 kcal/mole for the A.T dodecamer. Hence, despite the presence of two hydrogen bonds, the A.G mismatch base pair has a significant destabilising effect on the B-DNA duplex. Under the above conditions the A.G duplex is less stable than the G.T mismatch duplex (AG*= -12.5 kcal/mole) despite the fact that G.T mismatches are generally repaired more efficiently than A.G mismatches in vivo. The A.G mismatch duplex and the A.C mismatch duplex both contain protonated mismatch base pairs, and the A.C mismatch duplex is less stable than the A.G duplex in high salt conditions at pH 7.0 (AG*=-7.0 kcal/mole).
The thermodynamic parameters for the A(anti).G(syn) base pair in 0. \M buffer (table 4b) confirm that there is a significant increase in stability when going from pH 7.0 to pH 5.5 (ADG*=-2.2 kcal/mole). This pH-dependent increase in stability disappears in l.OAf salt, so the A.G mismatch behaves differently from the A.C mismatch, which has increased stability at acidic pH in both low and high salt conditions. This difference in behaviour between the A.G mismatch and the A.C mismatch is presumably due to the fact that the latter has only one stable form and cannot exhibit conformational flexibility.
The T m values in table 4 are those determined at a single strand concentration of 40jimolar as part of a concentrationdependent study, whereas those quoted previously were determined during pH-dependent studies at a strand concentration of 5/tmolar (9) .
CONCLUSIONS
The A.G mismatch is conformationally variable and the relative populations of the various conformers depends on pH, base stacking environment and salt concentration. The AH + (anti).G(syn) base pair is present to a significant degree below pH 6.5 in sequences where the mispaired guanine is flanked by the guanine base of a G.C base pair. The base pair is stabilised by protonation of adenine-N(l) and the synconformation of the G-nucleotide is stabilised by surrounding solvent molecules. The disposition of hydrogen bond donor and acceptor groups in the major and minor groove at the A(anri).G(syn) site is completely different from that of the A(anti).G(anti) and the A(syn).G(anti) base pairs. This may be important when considering interactions with mismatch repair enzymes. Above all, the present work shows that the interaction between a guanine and an adenine base in B-DNA is rather complex, and simplistic interpretations of the relationship between base pair structure and mismatch repair frequency are likely to be misleading.
Refined atomic co-ordinates have been deposited with the Cambridge Crystallographic Data Centre, University Chemical Laboratory, ????????? Road, Cambridge CB2 1EN, and are available on request.
